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Abstract-A model for the heat and mass transfer within a surface heated concrete slab has been developed. 
The concrete is treated as a porous material containing water,vapor and air. The solution of the problem for 
various temperature and heat flux boundary conditions has been obtained with an explicit numerical scheme. 
The results consist of temperature, pore pressure and moisture distributions as a function of time. The rate of 
steam release from the drying concrete is also calculated. The code predictions were successfully tested with 
preliminary experimental data. The results demonstrate the importance of the evaporation-recondensation 

mechanism in enhancing the rate of heat transfer. 
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NOMENCLATURE INTRODUCTION 

specific heat at constant volume; 
specific heat at constant pressure; 

mass diffusivity ; 
specific energy; 
specific enthalpy ; 
mass diffusion flux ; 
permeability ; 
thermal conductivity; 

pressure; 
gas constant of the ith species ; 
pore volume fraction occupied by gas; 

time ; 
absolute temperature; 
temperature; 
superficial velocity; 
specific energy of vaporization at constant 
volume; 
functions defined by equations (lo)-( 13); 
distance from heated surface. 

SURFACE heating of concrete to elevated temperatures 

results in significant heat release by evaporation of 
water held within the porous structure in form of 

capillary, adsorbed and chemically bound water. The 
release of steam degrades the concrete strength and 
can under some conditions affect the surrounding 
through pressurization and chemical reaction. Evalu- 

ations of steam release rates from concrete as well as 
thermal response to heating have important appli- 
cations in safety assessments of nuclear reactors and, 
more generally, assessments of structural damage in 
buildings caused by fires. The applicability of the 
present solution extends to a wider spectrum of 
engineering problems involving multiphase, multicom- 
ponent heat and mass transfer in porous media. 

Moisture migration within heated concrete was first 

regarded as a mass diffusion process [ 11. However, this 
theory could not explain observed migration into areas 
of high moisture concentration. Therefore, moisture 
transport was attributed also to thermal diffusion 
(Soret effect) [2]. Experiments conducted at elevated 
temperatures (higher than 105°C) revealed that fil- 
tration (pressure driven flow) becomes the dominant 
transport mechanism [3-S]. Heating of the concrete 

results in the evaporation of water and subsequent 
pressurization of both vapor and air within the pores. 
The migration that follows this pressurization leads to 

releases of vapor from the structure boundaries. Sus- 
tained heating of one of the surfaces provides con- 
tinuous evaporation and drying of the region near the 
surface. In deeper region, the concrete remains wet and 
actually gains moisture from recondensation. The 
dry-wet interface or evaporation front that separates 
the two regions penetrates into the structure with 
further evaporation [4]. 

Greek symbols 

c, porosity ; 

PL, viscosity ; 

P7 density ; 
w, mass fraction. 

Subscripts 

0, dry concrete; 

1, liquid moisture ; 
2, water vapor; 

3, air; 

d, dry ; 
is, gas ; 
W, wet. 
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Early studies on the drying of porous media were 
based on principles of irreversible thermodynamics 
[6-91. Being mainly concerned with low temperature 
drying, pressure terms in the governing equations were 
neglected. Later, these terms were included in studies 
on low temperature drying of clay bricks [lo] and 
concrete [ll, 121. In these investigations it was as- 
sumed that moisture migration takes place predo- 

minantly in the gaseous phase and that sorption curves 
are adequate to describe the equilibrium moisture 

content. The evaporation-recondensation mechanism 
was found to play a major role in the drying process. 

At elevated temperatures the important mass trans- 
port mechanisms are those resulting from pressure and 
concentration gradients. Indirect modes of transport, 
such as the Soret and Dufour effects, can be neglected. 
In the modeling of drying of a moist porous structure, 
generally, a clear distinction between dry and wet 

zones can be made. To calculate maximal pressure 
buildup or the location of the dry-wet interface, some 
investigators simplified the problem by neglecting the 
convection terms in the energy equation [13, 141. 
Others only neglected the mass diffusion terms [ 15, 
161. To determine the drying characteristics of weakly 
wetted packed aluminum oxide powder, a simplified 
solution of the equations, including filtration and 
diffusion, was obtained by linearization of the dry zone 
pressure profile [ 171. 

The evaporation-recondensation model was ap- 
plied in two separate investigations to study the drying 
of concrete. In one, an implicit numerical scheme was 
used to obtain a solution for equations in which lower 
order terms were neglected and material properties 
were essentially constant [18]. In the other, conducted 
by the authors, an explicit scheme was utilized to solve 
the equations which included terms for liquid moisture 

filtration and moisture dependent material properties 
[19-211. This model was successfully tested with 

limited experimental data obtained elsewhere [22]. 
The purpose of this paper is to present the model and 
its supporting test data. It should be noted that the 
experimental data on pressure and moisture distri- 
bution within intensely heated concrete are very 
limited. These quantities are quite difficult to measure 
[4, 231. More data, however, exist on temperature 

distributions [24]. 

MATHEMATICAL MODEL 

Consider a planar concrete slab consisting of hy- 
drated cement paste with no aggregate. The solid gel 
contains capillaries and gel pores in which evaporable 
water exists. The moisture content in the pores de- 
pends on both temperature and relative humidity [25]. 
Following intense heating of one of the concrete 
surfaces, a region near the heated surface dries out. 
Once such a region develops, evaporation takes place 
exclusively at the dry-wet zone interface [17]. The 
evaporation process leads to pore pressurization and 

both the heated surface and the inner wet zone of the 
concrete. In general, the transport of the gaseous 
species occurs under pressure and concentration gra- 
dients. The migration of the liquid phase is primarily 
governed by pressure gradients. Local thermodynamic 
equilibrium can be assumed to exist between vapor 
and liquid in the wet region. Under sustained surface 
heating, the dry zone advances into the concrete 
(Fig. 1). 

The conservation equation for mass and energy are 
written for the dry and wet zone separately. In the dry 

zone the continuity and energy equations are, 
respectively, 

i;F + A(u,p, + ji) = 0 
?X 

i = 2, 3 (1) 

+ L(vIi +ji)hi = K,$ (2) 
1 

where c denotes the porosity, pZ and p3 the density of 
vapor and air, t the time, ug the volumetric flow rate of 
gases in the x direction per unit area, j, the diffusive 
mass flux of the ith species, p0 the density of the solid 
phase, e the specific internal energy, h the specific 
enthalpy, K, the thermal conductivity of the dry zone, 
and T the temperature in “C. Likewise the species 

equations for the wet region are 

i: $ 
I 

(1 - S)p, + Sp, 
I 

+ g (UiPi + UgPz +j,) = 0 (3) 

and the energy equation for the wet 

(1 - t:)p,$ + ti$[(l - S)pie, 

)=O (4) 

region is 

in which S designates the volume fraction of the pores 
occupied by gases, pi the liquid density, u, the liquid 
apparent velocity, e, and h, the liquid specific energy 
and enthalpy, respectively. The filtration velocity of the 
gas phase is determined according to Darcy’s law, 

k(S) i3P 
u=_-- 

P dx 
(6) 

in which P denotes pore pressure and p viscosity. The 
permeability k(S) is assumed to be directly pro- 
portional to the gas volume fraction within the pores, 

subsequent filtration of all pore constituents towards k(S) = k,S (kd is the permeability ofdry concrete). This 
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FIG. 1. Physical model of a heated concrete slab. 

relationship reasonably approximates measured per- 
meabilities of porous ceramic materials [lo]. The 
liquid velocity ui is determined from the same law, but 
the liquid permeability, k, which is usually smaller 
than the permeability of gas, is assumed to be moisture 
independent. The diffusive flux of the ith gaseous 
species is given by Fick’s law 

ji = - pD(S) 2 
where p is the air-vapor mixture density, wi the mass 
fraction of the ith species and D(S) the moisture 
dependent coefficient, D(S) = D, . S (D,, is the diffusion 
coefficient of dry concrete). Since the liquid velocity is 
much smaller than the gas velocity, the presence of the 

liquid can be regarded as a reduced porosity equal to 
Cs. Thus the diffusion coefficient, which is approxi- 
mately proportional to the porosity, becomes pro- 

portional to the volume fraction of the pore occupied 
by gas. 

Air and water vapor are assumed to behave like an 
ideal binary mixture which obeys Dalton’s law, i.e. 

Pi = piRiT, 

hi = c,,T 

P = P, + P, 

where Ri is the gas constant of the ith species, T, the 
absolute temperature in degrees Kelvin, c and cP are 
the specific heat at constant volume and at constant 
pressure, respectively. The water density and specific 
heats are assumed constant. Since the zero energy 
reference is assigned to the vapor at O”C, the specific 
energy of water is ur = - urg + c,T, where urg is the 
specific heat of vaporization at constant volume. In the 
wet region, water is assumed to be in equilibrium with 
its liquid phase [3]. This assumption is justified in view 

of the enormous specific surface of the concrete porous 
structure (2 x lo5 m* kg- ‘) and its low permeability 
[26]. Under equilibrium conditions, the vapor press- 
ure is a function of temperature only. The 

temperature-pressure dependence was obtained from 
integration of the Clausius-Clapeyron equation 

P = 1.055 x 10zl Ti5exp(-7000/T,) 

(273 K < T, < 450 K) (9) 

where the pressure is in atmospheres. 
In addition to the above equation it is understood 

that continuity of energy and mass fluxes at the 

dry-wet interface exists. The solution method, how- 

ever, does not require the explicit formulation of 
these conditions. 

SOLUTION METHOD 

An explicit numerical scheme was developed to solve 

the governing equation subject to arbitrary initial and 
boundary conditions. The slab was subdivided into a 
finite number of equally spaced nodal points. The 

dry-wet interface was assumed to be located right in 
between the dry and wet nodal points. With this 
approach, the interface remains stationary as long as 
the wet node next to the interface has not reached dry 
out. When local dry out is reached, by definition, the 
dry-wet interface relocates to separate the next two 

nodes. The sudden jumps of the interface produce 
some fluctuations in the pressure response since pre- 
ssure depends on local temperatures in the wet region. 

These fluctuations can be reduced by decreasing the 
grid size. 

The governing equations of the dry region are in a 
form readily suitable for discretization and explicit 
representation of density and temperature variations 
with time. The divergence terms of equation (1) yield 
the densities time derivatives. These derivatives and the 

divergence terms of equation (2) give the temperature 
time derivative. Knowing the time derivatives permits 

calculation of new properties distributions based on 
known distributions at a previous time step. 

The wet region contains one additional variable 
when compared to the dry region. This is the volume 
fraction of the pores occupied by vapor. Equations (3), 
(4) and (5) contain the time derivative of this variable in 
addition to others. Therefore, it was necessary to 
calculate first the time derivative of S in order to 
proceed with the computation of all other parameters 
with the same routine used for the dry region. The 
choice of computing S first also allowed an early check 
on the position of the dry-wet interface. If after a time 
increment the value of S in the wet node adjacent to the 
interface becomes unity or more, it implies that 
sometime during the time incremental the node has 
dried out by becoming vapor saturated. A value of S 
greater than unity, indicates that the moisture flux out 
of the grid was sufficient to expel1 more moisture than 
it contained during the full time interval. In such a case 
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it is necessary to proportionately reduce the time 
incremental to one which yields an exact dry out, 
i.e. S = 1. 

In order to calculate the time derivative of the vapor 
saturation parameter S the following definitions were 
made : 

dT 
+ (u,P~ + jdh - K, dx 

1 

and 

L’, = c,T + [(l - c)p,c, + EP~c~(~ - S) 

(10) 

(11) 

(12) 

(13) 

The first three definitions represent divergences of 
fluxes. The expression in the square brackets of 
equation (13) designates the volumetric heat capacity 
of the concrete and its constituents. The vapor density 
temperature derivative was obtained from the satu- 
ration density-temperature relationship. According to 
equation (9) and the ideal gas law this relationship is 

pZ = 1.055 x 10zl Ti6 R;’ exp(-7000/T,). (14) 

The temperature time derivatives of equation (5) were 
converted to vapor density derivatives by incorporat- 
ing equation (14) and 

dP2 dP* aT 
dt- aT at (15) 

The densities time derivatives from equations (3) and 
(4) were then substituted in equation (5) to obtain the 
time derivative of S 

I/,@, - PJ + plur, + (PA - p,c,)T 1 V,V, + c,TV, - V, 

(16) 

The stability of the numerical calculations was 
assured by using three stability criteria for time 
incrementals. The first two are those of the heat 
conduction and mass diffusion mechanisms which are, 
respectively, 

At < (1 - 4~ocoAx’ . 
2K.v 

(17) 

and 

EAX~ 
At < ~ 

20 
(18) 

where At is the time incremental, Ax the grid size and 
c,, the specific heat of solid structure. Criteria (17) and 

Table 1. Material properties used in the test analysis 

Symbol Value Dimensions 

2500 

1000 

1000 

4200 

2016 

1050 

0.32 

0.35 

1.6 

2.4 x 1O-6 

2.4 x lo-” 

1o-b 

kg mm3 

kgmm3 

Jk-“‘C-’ 
J kg-’ ‘Cm1 
Jkg-1 “C-l 

J kg-’ “C-’ 

None 
Wm-I “C-I 

wrn-* “C-I 

m2 atm-’ s-l 

m* atm-’ s-’ 

m2 s-l 

(18) are not time dependent and are calculated once for 
each run. The third criterion is for the filtration 
mechanism and is 

,,,g 
rnax 

The maximum pore pressure in the structure changes 
continuously. Therefore, criterion (19) must be check- 
ed for each time increment. 

RESULTS 

The developed numerical code was used to analyze 
experimental data on concrete dehydration [22]. In 
the experiment, a cylindrical concrete slab, 0.6 m dia. 
and 0.3 m thick, was heated by a steel plate on one side 
and maintained at room temperature on the other side. 
Temperatures and pressures were recorded at several 
axial locations. Vapor released from the concrete was 
collected and weighed at various times. 

The test program also included some measurements 
of concrete permeability. Other material properties 
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FIG. 2. Thermal response of a heated concrete slab. 
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were obtained from the open literature [25, 26, 271. 
Their values are listed in Table 1. The initial moisture 
content was not reported and had to be retrieved from 
the test results (initially S = 0.18). It is important to 
note that the concrete used in the test was not fully 
aged and contained magnetite aggregate (with a 
mixing ratio of 5:l). The aging of 47 days could 
hydrate only 85% of the cement [25]. The porosity of 
the hydrated gel is 0.26 [25]. In addition, the specimens 
contained capillary pores which depend on the 
water-cement mixing ratio and the degree of hy- 
dration. Since the watercement mixing ratio of the 
test specimen was 0.5 it produced capillary pores [22, 
251. An overall porosity of 0.32 was calculated (assum- 
ing that the aggregate porosity is 0.32). Moisture 
within the concrete was found high since it was cured 
in a moist environment. 

The concrete surface temperature was recorded by a 
thermocouple. This was used as a prescribed boundary 
condition in the analysis. Atmospheric pressure of dry 
air was assumed to exist near the concrete surface. A 
comparison of measured and calculated temperature 
responses at 2.56, 7.62 and 12.7cm from the heated 
surface is shown in Fig. 2. The sudden change in the 
rate of temperature rise at 2 h at a depth of 2.54 cm 
indicates that at this time the dry-wet interface 
reached this location. The pressure response at a depth 
of 2.54 cm is illustrated in Fig. 3. It can be concluded 
that a peak pressure exists at the dry-wet interface. 
Measured pressure responses at other locations were 
meaningless because of apparent crack formations. 
This trend of pressure rise and decrease was seen also 
in another investigation [18]. The pressure response 
indicated in [18] for the appropriate boundary con- 
ditions have been reproduced with the present code. 
Predicted and measured data on time averaged water 
release rates are shown in Fig. 4. In general, experimen- 
tal and predicted results were found to be in good 

I I I 

0 EXPERIMENT 

- THEORY 

0 1 2 3 4 

TIME lhrl 

0 2 4 6 a 10 

DISTANCE km) 

FIG. 3. Pressure response within a heated concrete slab at a 
depth of 2.54 cm from the heated surface. 

FIG. 5. Distributions of temperature and Pore saturation 
with evaporable moisture within a heated concrete slab. 
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Fro. 4. Time-averaged water release rate from a heated 
concrete slab. 

agreement. Small discrepancies are well within the 
accuracy expected from concrete modelling. 

Spatial distributions of temperature, pressure and 
moisture content in pores are plotted in Figs. 5 and 6. 
The points of discontinuity, in temperature gradients 
(Fig. 5) represent the momentary locations of the 
dry-wet interface. The reduced temperature gradient 
near the interface and in the adjacent wet zone is 
produced by the enhanced heat transfer owing to both 
a higher thermal conductivity and the 
evaporation-recondensation mechanism. The mois- 
ture distributions (Fig. 5) indicate that a high mois- 
ture concentration exists near the interface. Fig. 6 
shows that the peak pore pressures exist near the 
interface. Therefore, if such peak pressures were suf- 
ficient to crack the concrete, one would expect to find 
wet fracture surfaces. Indeed, these have been observed 

500 ( 
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FIG. 6. Pore pressure distribution within a heated concrete 
slab. 

in experiments [24]. Concrete interactions with hot 

metals can lead to concrete spallation and exposure of 
totally wet fracture surfaces. The shape of the moisture 
distribution near the dry-wet interface as shown in 
Fig. 5 is approximated. To obtain a more precise shape 

one must know the exact position of the interface. 
Furthermore, the width of the interface region is 
expected to expand with reduced heating rates owing 
to increased importance of capillary forces and con- 
crete inhomogeneity effects of the structure irregula- 

rities which tend to diminish sharp moisture gradients. 
To the right of the interface, a gain of moisture can be 
observed. The augmented moisture content results 
from both vapor recondensation and liquid filtration. 
Similar moisture distribution characteristics were ob- 
tained experimentally [4, 231. 

CONCLUSIONS 

The model developed for the heat and mass trans- 
port within heated concrete was successfully tested 
with initial experimental results. Results obtained with 
the model exhibit many characteristics observed in 
experiments and related theoretical investigations. The 
model has been successfully applied to conduct studies 
on water release from heated concrete structures in 
support of fast breeder reactor safety analyses. Efforts 
have been made to extend its range of applicability to 
higher temperatures (350°C), where non-evaporable 
water is released following the decomposition of the 
solid material. The supplemental version of the code 
has not yet been verified and therefore was not 

presented. There is a need for more experimental work 

especially in the measurement of pore pressure distri- 
bution, moisture distribution and material properties 
of both cement and aggregate. 
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TRANSFERT DE CHALEUR ET DE MASSE DANS UNE PLAQUE DE BETON FORTEMENT 
CHAUFFEE 

R&sum&On d&eloppe un modtle pour le transfert de chaleur et de masse dans une plaque de biton chauff& 
en surface. Le b&ton est traiti comme un mattriau poreux contenant de I’eau, de la vapeur d’eau et de l’air. La 
solution du probleme pour diffkrentes conditions aux limites de tempc?rature et de flux est obtenues avec un 
sch&manumtrique explicite. Les resultats donnent lesdistributions de tempdrature, de pression et d’humiditC 
en fonction du temps. Le dCbit de vapeur dbgagk du b&ton est calcul=5. Les prtcisions du code sont 
favorablement confrontkes aux donnees exp&rimentales prkliminaires. Les r&hats montrent I’importance 

du mkcanisme d’ivaporation-recondensation dans I’accroissement du transfert thermique. 

WARME- UND STOFFTRANSPORT IN EINER STARK GEHEIZTEN BETONPLATTE 

Zusammenfassung-Es wurde ein Model1 fiir den Wprme- und Stofftransport in einer an der Oberfllche 
beheizten Betonplatte entwickelt. Der Beton wird als poriises Material betrachtet, welches Wasser, 
Wasserdampf und Luft enthglt. Die Liisung des Problems fiir verschiedene Randbedingungen der 
Temperatur und Wlrmestromdichte wurde mittels eines expliziten numerischen Verfahrens erhalten. Die 
Ergebnisse sind Temperatur, Porendruck und Feuchtigkeitsverteilung als Funktion der Zeit. Der 
Dampfstrom aus dem trocknenden Beton wird such berechnet. Die Giiltigkeit der Rechenergebnisse wurde 
erfolgreich mit experimentellen Daten einer Voruntersuchung iiberpriift. Die Ergebnisse zeigen die 
Bedeutung des Verdampfungs-Rekondensations-Mechanismus fiir die ErhGhung des WCrmetibergangs. 

TEnJIO- M MACCOIIEPEHOC B MHTEHCMBHO HArPEBAEMOZi 6ETOHHOfi ILJIMTE 

AHHoTaqHR - Pa3pa6OTaHa Monenb -renno- H Macconepenoca a HarpeeaeMoti c nosepxHocTs 6eTOHHOfi 
nnH?e. 6eToH paccMarpeeaeTcr KaK nopHcTbIii MaTepHan, conepxrauuiti Bony. eoannoii nap H aosnyx. 
C Hcnonb3oaaHHeM ~BHOW YHcneHHoii cxeMbl naH0 pemeHAe sanara nnn pa3nwHbrx TebmepaTyp H 
TennoabIx noToKoa Ha rpaeaue. flonygeHa 3aawHMocTb pacnpenenemiii Tebmepalypbr. naanemia a 
nopax u BnamHocTH 0T BpeMenH. Hpoaenes TaKxe pacgeT CKO~OCTA ab,neneHHa napa npH cymKe 6eTOHa. 
Pe3y,,bTaTbI paP,eTa XOpOmO ‘ZOrJIacyH,K5, C npenBapHKJ,bHO nOJIy’,eHHblMH 3KCnepHMeHTanbHblMM 
naHHbIMH. noKa3aHa BaxHocTb MexaHx3Ma HcnapeHw4 H nepeKoHneHcauHH B HHTeHcH@iKauHw 

TennonepeHoca. 


